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Introduction 

Prostate  cancer  is  a  disease  of  aging.  The  oxidative  stress  hypothesis  of  aging  postulates  that 
oxidative  damage  to  critical  molecules  accumulates  over  a  life  span  leading  to  chronic  disease  and 
cancer.  Reactive  oxygen  species  are  formed  continuously  in  living  cells  as  byproducts  of  normal 
cellular  metabolism,  as  well  as  by  exogenous  sources.  In  case  of  a  failure  to  remove  DNA  damage, 
mutations  occur  at  a  high  rate  and  contribute  to  malignant  transformation.  A  particular  abundant 
lesion,  8 -hydroxydeoxy guanine  (8-OHdG),  is  highly  mutagenic,  yielding  GC  to  TA  transversions 
(1).  The  base  excision  repair  (BER)  pathway  is  responsible  for  the  repair  of  oxidative  DNA  damage. 
Removal  of  the  damaged  base  by  8-oxoguanine-DNA  glycosylase  1  (hOGGl)  comprises  the  first 
step  followed  by  apurinic/apyrimidinic  endonuclease  (APE)  activity  (2).  DNA  polymerase  [1  (DNA 
pol-P)  activity  is  responsible  to  fill  the  gap  created  by  the  excision  of  8-OHdG.  There  is  in  vitro 
evidence  that  some  flavonoids  such  as  myricetin  and  baicalin  will  stimulate  DNA  repair  (3,  4). 
Flavonoid  concentrations  used  in  these  in  vitro  experiments  are  usually  higher  than  physiologically 
achievable.  It  was  the  primary  objective  of  this  study  to  investigate  the  DNA  repair  stimulatory 
effect  of  different  flavonoids  such  as  naringenin,  apigenin,  ECG  and  their  metabolic  transfonnation 
products.  It  was  the  secondary  objective  to  investigate  if  the  intracellular  concentration  of  these 
flavonoids  is  physiologically  achievable. 


Body  and  Key  Research  Accomplishments 

Task  1: 

a)  The  concentration  of  iron  sulfate  was  optimized  to  produce  reproducible  oxidative  DNA 

damage.  200  nmol/L  FeSC>4  was  chosen  for  future  experiments.  At  this  concentration  oxidative 
DNA  damage  was  increased  4.6  fold  compared  to  cells  not  treated  with  FeSO/j.  At  this 
concentration  DNA  damage  is  high  enough  to  be  measured  reproducibly  by  HPLC  without 
affecting  the  viability  of  the  cells  (Figure  2  and  3).  At  200  pmol/L  FeSC>4  we  demonstrated  that 
LNCaP  cells  were  able  to  repair  the  oxidative  DNA  damage  (Figure  4).  We  also  determined  the 
concentration  of  5 -a-dihydro testosterone  necessary  to  generated  reactive  oxygen  species. 
However  for  the  treatment  with  5 -a-dihydro testosterone  it  is  necessary  to  grow  LNCaP  cells  in 
charcoal  stripped  fetal  bovine  serum  (CS-FBS)  (Figure  5).  Since  LNCaP  cells  grow  very  slowly 
in  medium  with  CS-FBS  compared  to  regular  FBS  we  were  not  able  to  detennine  the  effect  of 
5-a-dihydrotestosterone-induced  oxidative  stress  on  DNA  repair.  In  addition  the  concentration 
of  5 -a-dihydro testosterone  necessary  to  induce  reproducible  oxidative  stress  is  very  high 
(>lmmol/L). 

Conclusion  Task  la:  In  summary  exposure  with  200  pmol/L  FeSC>4  is  the  most  appropriate 
mode  to  induce  oxidative  damage. 
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Figure  1 .  Oxidative  DNA  damage 
determined  by  HPLC  in  LNCaP 
P47  cells  treated  with  different 
concentration  of  FeS04  for  1 
hour. 
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Figure  2.  LNCaP  P47  cell  viability  treated  with  different  concentrations  of  FeS04  and  FLCL  for  1 
hour  and  viability  was  tested  immediately. 


3 

140000 

_ l 

£ 

120000 

c 

100000 

O 

2 

0) 

80000 

60000 

~o 

40000 

i— 

CL 

20000 

"0 

O 

0 

Control  200uM 


300uM  400uM  600uM  ImM 

H202 


Figure  3.  LNCaP  P47  cell  viability  treated  with  different  concentrations  of  FeS04  and  H2O2  for  1 
hour  and  viability  was  tested  after  24  hours. 
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Figure  4.  DNA  repair  in  LNCaP  P47  cells  after  FeS04  (200  umol/L)  treatment  for  24  to  72  hours. 
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Figure  5.  Intracellular  concentration  of  reactive  oxygen  species  (ROS)  after  5 a-dihydro testosterone- 
treatment  of  LNCaP  cells  for  1  h.  n=3,  *significant  different  from  control  (p<0.05). 


Task  1: 

b)  To  screen  different  flavonoids  for  their  ability  to  stimulate  DNA  repair  we  screened  the  pH 
stability  at  pH  7  as  in  culture  medium  and  antiproliferative  effect.  Based  on  these  results  we 
selected  the  following  three  flavonoids  to  continue  the  investigations  on  the  stimulatory  effect 
on  DNA  repair: 

-naringenin  from  citrus 
-apigenin  from  parsley 
-epicatechin  gallate  (ECG)  from  tea 

These  three  flavonoids  are  representative  of  the  flavanone  and  flavanol  chemical  subgroups. 

Unfortunately  many  compounds  of  the  other  flavonoid  subgroups  are  not  pH  stable  and  will  be 

degraded  in  cell  culture  experiments  (Figure  6). 

Figure  6.  Stability  of  different  flavonoids  in  cell  culture  medium  at  0  to  29  hours. 
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The  antiproliferative  activity  of  the  naringenin,  ECG,  apigenin  and  genistein  was  determined  in 
LNCaP  cells  using  the  (Figure  7).  Cell  viability  was  tested  at  24  hours  of  incubation  with  the  test 
compounds  using  the  CellTiter-Glo™  Assay  (Pro mega,  Madison,  WI). 


Figure  7.  Antiproliferative  activity  of  a)  naringenin,  b  apigenin,  c)  ECG  and  d)  genistein  at 
concentrations  from  0  to  80  nmol/L. 
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Conclusion  from  Task  lb):  We  demonstrated  that  naringenin,  apigenin  and  ECG  were  the  best 
candidates  to  be  tested  for  potential  DNA  repair-stimulatory  activity  based  on  the  chemical  pH 
stability  and  low  antiproliferative  activity.  However,  since  apigenin  did  exhibit  an  antiproliferative 
activity  we  used  a  concentration  of  20  pmol/L  to  test  the  DNA  repair  stimulatory  activity. 

Task  1: 

c)  The  intracellular  concentration  of  naringenin  and  tea  polyphenols  was  determined  in  LNCaP 
cells  cultured  in  RPMI  1640  medium  after  addition  of  10  nmol/L  of  the  individual  flavonoid.  The 
maximum  intracellular  concentration  of  naringenin  was  40  pmol/106  cells  (Figure  8).  The  same 
experiment  was  performed  with  all  tea  polyphenols  (EC,  ECG,  EGCG,  EGC)  (Figure  9). 
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Figure  8.  Decrease  of  naringenin  in  a)  medium  and  uptake  into  b)  LNCaP  cells, 
a)  b) 


Figure  9.  Medium  (a)  and  intracellular  (b)  concentration  of  tea  polyphenols  (EGC,  EC,  EGCG, 
ECG  and  theaflavin-mix)  after  exposure  of  cells  to  20  pmol/L  of  tea  polyphenols  for  2  hours. 
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Conclusion  Task  lc:  The  intracellular  concentration  of  flavonoids  was  about  500  to  1000-fold 
lower  compared  to  medium  concentration.  Therefore  the  intracellular  concentration  reflects 
physiological  concentrations  achievable  in  the  human  body. 

Task  1: 

d)  The  DNA  repair  stimulatory  effect  of  naringenin,  apigenin  and  ECG  was  determined  in  LNCaP 
cells  exposed  for  one  hour  to  FeS04  (200  pmol/L).  After  removal  of  the  iron,  cells  were  treated 
with  increasing  concentrations  of  naringenin  (10  to  80  pmol/L),  20  pmol/L  of  agipenin  or  ECG 
for  24  hours.  We  demonstrated  that  naringenin  stimulated  DNA  repair  in  turn  leading  to  a 
decrease  in  oxidative  DNA  damage  of  3-24%  compared  to  media  only  treated  cells  (Figure  10), 
whereas  apigenin  and  ECG  did  not  decrease  oxidative  DNA  damage  (Figure  12).  Using  real 
time  PCR  we  also  demonstrated  that  mRNA  expression  of  hOGGl,  DNA  pol-p  and  APE  was 
increased  at  8  hours  compared  to  baseline  and  decreased  at  24  hours  (Figure  1  la-c).  At  24  hours 


naringenin  had  the  strongest  stimulatory  effect  on  mRNA  expression  of  these  BER  enzymes. 
HOGG1,  DNA  pol-P  and  APE  were  determined  using  real-time  PCR  analysis.  Total  RNA  was 
extracted  using  the  RNAeasy  Mini  Kit  (Qiagen,  Valencia,  CA).  cDNA  was  generated  using  Taq 
polymerase  and  oligo  (dT)  followed  by  PCR  amplification  using  the  following  real-time  PCR 
Assay-on-Demand  custom-made  kits  (Applied  Biosystems  Inc.,  Foster  City,  CA):  human 
OGGI:  Hs00213454_ml;  ;  human  polymerase  beta:  Hs00160263_ml  and  human  APE/ref-1: 
Hs00205565_ml.  PCR  reaction  mix  was  prepared  using  Taqman  Universal  Master  Mix 
(Applied  Biosystems  Inc.,  Foster  City,  CA),  cDNA  template  in  Rnase-free  water,  target  assay 
mix  or  control  assay  mix.  Samples  were  analyzed  on  the  ABI  7700  (Taqman),  which  was 
available  in  the  UCLA  Sequencing  and  Genotyping  Core  Facility. 


Figure  10.  DNA  repair  stimulated  by  naringenin  determined  by  the  decrease  in  8-OhdG/dG  ratio  in 
LNCaP  cell  DNA  after  treatment  with  0  to  80  pmol/L  naringenin. 


Figure  11.  BER  repair  enzyme  m-RNA  expression  determined  by  real  time  PCR  after  naringenin 
intervention  for  0-24  hours.  A)  hOGGl;  B)  DNA  pol-b;  C)  APE.  HOGG1,  DNA  pol-P  and  APE 
mRNA  expression  in  LNCaP  cells  was  determined  by  RT-PCR  and  expressed  in  ratio  to  GAPDFI 
housekeeping  gene  (n=2). 
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Figure  12.  DNA  repair  stimulated  by  apigenin  and  ECG  determined  by  the  decrease  in  8-OhdG/dG 
ratio  in  LNCaP  cell  DNA  after  treatment  with  20  pmol/L  apigenin  and  ECG. 


Conclusion  Task  Id:  We  were  able  to  demonstrate  that  naringenin  was  the  only  flavonoid 
among  the  tested  flavonoids  that  stimulated  BER  in  oxidatively  stressed  LNCaP  cells.  The  results 
have  been  published  (see  appendix)  (5). 

Task  2: 

According  to  our  results  naringenin  is  the  only  flavonoid  that  stimulated  DNA  repair  among  the 
flavonoids  stable  at  pH  7.  Therefore  we  did  not  investigate  possible  synergistic  effects  of 
combinations  of  different  flavonoids  for  their  DNA  repair  enhancing  activity.  Instead  we 
determined  a  possible  synergistic  effect  on  antiproliferative  activity  of  tea  polyphenols  (Figure  13 
and  Table  1). 
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Figure  13.  Antiproliferative  activity  of  three  tea  polyphenols  (epigallocatechin  gallate  EGCG, 
epigallocatechin  ECG  and  theaflavin  THE).  N=3. 


0) 

c 

"H3 

< n 
to 

n 


c 

o 

'■M 

03 

1- 

& 


o 

i- 

Q. 

V> 

0 

O 


LNCaP 


■■■  <J 


□  LNCaP 


Samples  and  concentration  (pmol/L) 


Table  1.  Synergistic  effect  of  green  and  black  tea  polyphenols  on  LNCaP  cell  culture  proliferation. 
Data  are  mean  +  std.  n=3. 


EGCG+EGC 

EGCG+THE 

EGC+THE 


measured _ calculated _ p-value 

_ %  of  control _ 

1 8.8±2.8  55.3±6.3  0.0002 

48.9+2.5  68.9+6.9  0.00032 

23.8+0.8  47.2±3.3  0.0359 


Conclusion  Task  2:  We  were  able  to  demonstrate  a  synergistic  effect  in  cell  growth  inhibition 
between  combinations  of  EGCG+EGC,  EGCG+THE  and  EGC  +THE. 


Task  3: 

a)  Commercially  available  human  microsomes  were  purchased  and  exposed  to  naringenin.  The 
incubation  mixture  was  extracted  with  ethylacetate.  Extracts  were  analyzed  using  HPLC  after 
the  incubation  and  peak  area  of  naringenin  and  unknown  new  metabolite  peaks  were  evaluated 
(Table  2).  After  incubation  the  peak  area  of  naringenin  was  reduced  by  53%  and  two  new  peaks 
were  detected.  Since  human  microsomes  are  very  expensive  and  the  amount  of  conjugated 
naringenin  was  not  enough  to  perfonn  any  antiproliferative  experiments  we  decided  to  use 
mouse  liver  homogenates  to  produce  metabolites. 
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Table  2:  Incubation  of  human  liver  microsomes  incubated  with  10  pmol/L  of  naringenin. 


Retention  Time 

Compound 

no  microsomes 

microsomes 

Peak  area 

46.3 

Unknown 

4.2+1. 3 

61.9+0.6 

48.7 

Unknown 

0.0 

24.3+2.3 

52.4 

TRF  Internal  Std 

31.4+0.7 

33.8+1.3 

57.4 

Naringenin 

317.9+4.5 

151.8+0.8 

b)  Another  set  of  experiments  were  performed  by  incubating  mouse  liver  homogenates  with 
different  concentrations  of  naringenin  following  the  method  by  Uridine  5’-diphosphoglucuronic 
acid  trisodium  salt  (UDPGA)  with  liver  homogenate.  Homogenates  were  extracted  with 
ethylacetate  and  extracts  analyzed  by  HPLC.  No  glucuronides  were  found. 

c)  Another  set  of  experiments  were  performed  using  cell  free  extracts  of  mouse  liver  homogenates, 
incubated  with  b-glucuronidase  inhibitor  D-saccharic  acid  1,4-lactone  (Sigma  Chemicals,  )  and 
a  pore  forming  fungal  peptide  (alamethicin,  Sigma,  )  according  to  Williams  et  al  and  O’Leary  et 
al  (6,  7).  Incubation  mixtures  were  extracted  with  ethylacetate  and  in  a  second  separate 
extraction  with  methanol.  The  parent  compound  naringenin  was  detected  in  the  ethylacetate 
extract,  wherease  2  metabolites  were  found  in  the  methanol  extract  (Figure  14).  Currently  we 
are  repeating  this  incubation  in  a  larger  scale  to  gain  enough  metabolite  mix  to  perform  a  cell 
culture  experiment. 


Figure  14:  HPLC  chromatogram  of  methanol  extract  of  liver  homogenate  incubation  with 
naringenin.  Only  trace  amounts  of  naringenin  (Retention  time  34.4)  remain.  Peaks  at  18.6  and  20.5 
are  mono-glucuronide  metabolites  of  naringenin. 


Conclusion  Task  3:  We  were  able  to  develop  an  incubation  system  to  generate  sufficient 
naringenin  glucuronide  mixture  to  test  the  growth  inhibitory  and  DNA  repair  stimulatory  activity  of 
the  metabolite  mixture  compared  to  the  parent  compound.  However  these  experiments  are  still 
ongoing  and  an  additional  report  will  have  to  be  submitted. 

Task  4: 

The  following  phenolic  acid  breakdown  products  have  been  determined  as  intestinal  metabolites 
from  green  and  black  tea,  citrus  and  soy:  40H-phenylacetic  acid,  3-(3hydroxy-phenyl)-proprionic 
acid,  homovanillic  acid,  3,4dihydroxyphenyl  acetic  acid,  hippuric  acid,  2,4,6-trihydroxybenzoic 
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acid;  citrus:  same  phenolic  acids,  3-hydroxyphenylacetic  acid,  3-(4-hydroxy-3-methoxyphenyl) 
propionic  acid,  />-hydroxybenzoic  acid.  We  tested  the  antiproliferative  activity  of  all  of  the  phenolic 
acid  products  found  in  the  human  colon  simulator  (8).  Only  3,4DHPAA  exhibited  a  significant 
inhibition  of  cell  proliferation  at  24  and  48  hours  (IC50=  75  umol/L)  (Figure  15a)  (8).  Since  only  a 
dihydroxyphenolic  acid  was  active  we  tested  the  antiproliferative  activity  of  two  other 
dihydroxyphenolic  acids  (caffeic  acid  and  3,4  dihydroxy-cinnamic  acid)  (Figure  15b).  Both 
compounds  exhibited  lower  antiproliferative  activity  compared  to  3,4DHPAA. 


Figure  15.  Antiproliferative  activity  of  a)  3-(3hydroxy-phenyl)-proprionic  acid  (3,3HPPA), 
3,4dihydroxyphenylacetic  acid  (3,4DHPAA),  3-methoxy4-hydroxyphenylacetic  acid  (3M4HPAA) 
and  hippuric  acid;  b)  3,4-dihydroxyphenyl  acetic  (3,4DFIPAA),  caffeic  acid  and  3,4  dihydroxy- 
cinnamic  acid  at  10  to  100  pmol/L  for  24  hours. 


a) 
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Conclusion  Task  4:  Investigations  are  ongoing  in  my  laboratory  to  determine  the  chemical 
characteristics  of  flavonoid  metabolites  generated  in  the  human  colon.  Among  the  phenolic  acids 
identified  by  GC/MS  only  3,4-dihydroxyphenylacetic  acid  (3,4DFIPA)  had  antiproliferative  activity. 
We  are  planning  to  determine  whether  3,4DHPA  has  DNA  repair  stimulatory  effects. 
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Additional  work  performed: 

Since  performing  the  HPLC  determination  of  oxidative  DNA  damage  is  very  labor  intensive  we  set 
up  the  Comet  assay  to  determine  DNA  strand  breaks  after  exposure  to  oxidative  stress  (200  pmol/L 
FeS04).  The  alkaline  comet  assay  detects  alkali-labile  DNA  sites,  which  are  a  global  assessment  of 
DNA  single-strand  and  double-strand  breaks  and  DNA  base  damage.  The  cell/agarose  suspension 
was  dispersed  on  a  layer  of  2%  agarose  in  running  buffer  on  glass  slide.  Slides  were  incubated  in 
lysis  solution  at  4°C  for  1  h  followed  by  eletrophoresis  buffer  (pH>13)  for  unwinding  DNA.  Finally 
single  cells  were  subjected  to  electrophoresis.  Nuclei  were  stained  with  SYBR®Gold  (Molecular 
Probes,  Eugene,  OR)  and  length  of  the  comet  tail  will  were  determined  using  a  Zeiss  fluorescent 
microscope  (rhodamine  filter).  Digital  pictures  were  taken  and  evaluated  using  the  J  1,3 1  Image 
program.  The  length  of  comet  tails  were  proportional  to  the  number  of  single  strand  breaks  (9) 
(Figure  16).  This  comet  assay  was  applied  to  normal  prostate  cells  (PrEC),  LNCaP  human  prostate 
cancer  cells  and  hi-myc  mouse  cancer  cells  (Figure  17). 

All  three  cell  lines  suffered  increasing  DNA  damage  with  exposure  to  increasing  concentration  of 
oxidative  stress  (FeS04).  However  at  800  pmol/L  of  FeS04  LNCaP  cells  developed  a  significantly 
higher  amount  of  DNA  strand  breaks  compared  to  PrEC  cells.  This  is  in  good  agreement  with  work 
by  other  investigators  demonstrating  that  oxidative  DNA  repair  is  compromised  in  prostate  cancer 
cell  lines  such  as  LNCaP  and  PC-3  (10).  In  future  experiments  we  will  measure  DNA  strand  breaks 
after  replacing  FeS04-containing  medium  with  control  medium  for  24  hours  to  be  able  to  compare 
the  repair  capacity  of  the  normal  vs  cancer  cell  lines. 


Figue  16:  Alkaline  comet  assay  showing  increasing  DNA  damage  associated  with  increased  comet 
length  (a  to  b). 
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Figure  17:  Determinaiton  of  oxidative 
DNA  damage  using  the  alkaline  comet 
assay  in  PrEC,  LNCaP  and  hi-myc 
prostate  cells.  Cells  were  incubated 
with  FeS04  for  1  hour  and  harvested 
and  frozen  in  RPMI  1640  medium  with 
10%  FBS  to  protect  cells  from  damage. 
Comet  assay  was  performed  in  all  three 
cell  lines  in  parallel. 


Reportable  Outcomes: 

Henning,  S.M.,  Gao,  K.,  Xu,  A.  &  Heber,  D.  The  citrus  flavonoid  naringenin  stimulates  DNA 
repair  in  prostate  cancer  cells.  FASEB  J.  19(4),  A1475,  2005. 

Gao,  K.,  Henning, S.M.,  Youssefian,  A., A.,  Seeram,  N.P.,  Xu,  A.  and  Heber,  D.  2005.  The  Citrus 
Flavonoid  Naringenin  Stimulates  DNA  Repair  in  Prostate  Cancer  Cells.  J.  Nutr.  Biochem.  2005 
Aug  17;  [Epub  ahead  of  print] 

Gao,  K.,  Xu,  A.,  Krul,  C.,  Venema,  K.,  Liu,  Y.,  Niu,  Y.,  Lu,  J.,  Bensoussan,  L.,  Seeram,  N.P., 
Heber,  D.  &  Henning,  S.M.  Of  the  major  phenolic  acids  formed  during  human  microbial 
fermentation  of  tea,  citrus,  and  soy  flavonoid  supplements  only  3,4-dihydroxy  phenylacetic  acid  has 
antiproliferative  activity.  J.  Nutr.  (accepted  for  publication),  January  2006. 


Conclusions: 

We  were  able  to  demonstrate  that  naringenin  has  DNA  stimulatory  activity  in  LNCaP  cells.  This 
increase  in  DNA  repair  was  based  on  an  increase  in  three  DNA  repair  enzymes  such  as  hOGGl, 
DNA  pol-b  and  APE.  Currently  we  are  generating  enough  naringenin  glucuronide  mixture  for  cell 
culture  experiments.  In  the  future  these  flavonoid  metabolites  and  3,4dihydroxyphenylacetic  acid 
will  be  tested  for  their  DNA  repair-stimulatory  activity. 


Future  Studies: 

Set  up  ELISA  assay  to  measure  the  concentration  of  80hdG  excreted  into  the  medium  as  a 
indication  of  DNA  repair.  With  this  assay  it  will  be  less  labor  intensive  to  determine  the  effect  of 
different  flavonoid  metabolites  on  DNA  repair. 


15 


References: 

1.  Sunaga,  N.,  Kohno,  T.,  Shinmura,  K.,  Saitoh,  T.,  Matsuda,  T.,  Saito,  R.  &  Yokota,  J.  (2001) 
OGGI  protein  suppresses  G:C— >T:A  mutation  in  a  shuttle  vector  containing  8- 
hydroxyguanine  in  human  cells.  Carcinogenesis  22:  1355-1362. 

2.  Fritz,  G.  (2000)  Human  APE/Ref-1  protein.  Int.  J  Biochem.  Cell  Biol.  32:  925-929. 

3.  Morel,  I.,  Abalea,  V.,  Cillard,  P.  &  Cillard,  J.  (2001)  Repair  of  oxidized  DNA  by  the  flavonoid 
myricetin.  Methods  Enzymol.  335:  308-316. 

4.  Chen,  X.,  Nishida,  H.  &  Konishi,  T.  (2003)  Baicalin  promoted  the  repair  of  DNA  single  strand 
breakage  caused  by  H202  in  cultured  NIH3T3  fibroblasts.  Biol.  Pharm.  Bull.  26:  282-284. 

5.  Gao,  K.,  Henning,  S.  M.,  Niu,  Y.,  Youssefian,  A.  A.,  Seeram,  N.  P.,  Xu,  A.  &  Heber,  D. 

(2005)  The  citrus  flavonoid  naringenin  stimulates  DNA  repair  in  prostate  cancer  cells.  J  Nutr 
Biochem. 

6.  Williams,  J.  A.,  Ring,  B.  J.,  Cantrell,  V.  E.,  Campanale,  K.,  Jones,  D.  R.,  Hall,  S.  D.  & 
Wrighton,  S.  A.  (2002)  Differential  modulation  of  UDP-glucuronosyltransferase  1A1 
(UGTlAl)-catalyzed  estradiol-3 -glucuronidation  by  the  addition  of  UGT1A1  substrates  and 
other  compounds  to  human  liver  microsomes.  Drug  Metab  Dispos.  30:  1266-1273. 

7.  O’Leary,  K.  A.,  Day,  A.  J.,  Needs,  P.  W.,  Sly,  W.  S.,  O’Brien,  N.  M.  &  Williamson,  G.  (2001) 
Flavonoid  glucuronides  are  substrates  for  human  liver  beta-glucuronidase.  FEBS  Lett.  503: 
103-106. 

8.  Gao,  K.,  Xiu,  A.,  Krul,  C.,  Venema,  K.,  Liu,  Y.,  Niu,  Y.,  Lu,  J.,  Bensoussan,  L.,  Seeram,  N.  P. 
et  al.  (2006)  Of  the  major  phenolic  acids  formed  during  human  microbial  fermentation  of  tea, 
citrus,  and  soy  flavonoid  supplements  only  3,4-dihydroxy  phenylacetic  acid  has 
antiproliferative  activity.  J  Nutr.  (in  press). 

9.  Gedik,  C.  M.,  Boyle,  S.  P.,  Wood,  S.  G.,  Vaughan,  N.  J.  &  Collins,  A.  R.  (2002)  Oxidative 
stress  in  humans:  validation  of  biomarkers  of  DNA  damage.  Carcinogenesis  23:  1441-1446. 

10.  Fan,  R.,  Kumaravel,  T.  S.,  Jalali,  F.,  Marrano,  P.,  Squire,  J.  A.  &  Bristow,  R.  G.  (2004) 
Defective  DNA  strand  break  repair  after  DNA  damage  in  prostate  cancer  cells:  implications 
for  genetic  instability  and  prostate  cancer  progression.  Cancer  Res.  64:  8526-8533. 


Appendix: 


Gao,  K.,  Henning,  S.  M.,  Niu,  Y.,  Youssefian,  A.  A.,  Seeram,  N.  P.,  Xu,  A.  &  Heber,  D.  (2005)  The 
citrus  flavonoid  naringenin  stimulates  DNA  repair  in  prostate  cancer  cells.  J  Nutr  Biochem.  Aug  1 7 ; 
[Epub  ahead  of  print] 


16 


ARTICLE  IN  PRESS 


ELSKVIKR 


Available  online  at  www.sdencedirect.com 


ten 


OIRICT* * 


Journal  ol  Nuiritkixul  BmchcniMn/  u  <2(KIS>  m  XXX 


faumil  of 
Nutritional 
Biochemistry 


The  citrus  flavonoid  nar ingen in  stimulates  DNA  repair  in 

prostate  cancer  cells 

Kun  Gaoab,  Susannc  M.  Henning*’*,  Yantao  Niua,  Arthur  A.  Yousscfian1, 
Navindra  P.  Sccrama,  Anlong  Xuh’*,  David  Ilcbcr1 

‘Laser  for  Human  .\urruian.  Da vsl  lieffen  School  oj  Medicine,  Lrmersuy  of  California  ios  Angeles,  Ios  Angeles,  L'A  90095,  LSI 
’’Skite  Key  lohoralary  of  Bincaniresl,  De/iurtmerv  of  Biache rrustry,  Center  far  Biophas'maceuiica!  Research,  College  of  Life  Sciences 
Sun  I alien  l/Juvigsiiani  Limns  Jy,  liuang:hou  51CG75,  PR  China 
Received  1  March  2005;  received  in  revued  Idnn  IX  April  300$;  accepted  I?  May  300$ 


A  bet  rue  t 

As  part  of  a  systematic  study  of  the  effects  of  phylocbcmicals  beyond  antioxidation  on  cancer  prevention,  wc  investigated  whether 
naringenin  (NR),  a  citrus  flavonoid,  stimulates  DNA  repair  following  oxidative  damage  in  LNCaP  human  prostate  cancer  cells.  The 
R-hydroxydcoxyguanosinc  (8-OH-dG)  todeoxyguanosinc  (dG)  ratio  was  measured  after  cells  were  treated  with  200  gmol/L  of  ferrous  sulfate 
in  scrum-ffcc  medium  fotlowod  by  NR  exposure  for  24  h  ingrowth  medium.  The  results  demonstrated  that  exposure  to  10-80  pmolL  of  NR 
lod  to  a  significant  decrease  in  tire  ratio  of  8-OH-dG  to  10®  dG.  Because  cells  were  treated  with  NR  after  ferrous  sulfite  was  removed,  we 
conclude  that  wc  demonstrated  an  effect  on  DNA  repair  beyond  antioxidation.  In  support  of  this  conclusion,  we  determined  the  induction  of 
mRNA  expression  over  time  after  oxidative  stTcss  followed  by  NR  administration  of  three  major  enzymes  in  the  DNA  taasc  excision  repair 
(BER)  pathway:  8-oxoguaninc-DNA  glyoosylasc  1  (hOGGI).  apurinic/apyrimidinic  endonuclease  and  DNA  polymerase  p  (DNA  poly  )*.). 
bOGGI  and  DNA  poly  |i  mRNA  expression  in  oclls  after  24-l»  exposure  to  NR  was  increased  significantly  compared  with  control  cells 
without  NR.  The  intracellular  concentration  of  NR  after  exposure  to  80  jimolL  was  3  pmol.mg  protein,  whidt  is  physiologically  achievable 
in  tissues.  In  conclusion,  the  cancer-preventive  effects  of  citrus  fruits  demonstrated  in  epidemiological  studies  may  be  due  in  part  to 
stimulation  of  DNA  repair  by  NR.  which  by  stimulating  BF.R  processes  may  prevent  mutagenic  changes  in  prostate  cancer  cells. 

C  2005  Published  by  Elsevier  Inc. 
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1.  Introduction 

Flavonoids  are  found  in  many  plant-based  foods  includ¬ 
ing  fruits  and  vegetables  and  cumpose  the  major  dietary 
group  of  plant  polyphenols.  Among  the  various  types  of 
flavonoids  in  fruits  and  vegetables  associated  with  cancer 


A  hitman*  I  nr.  htXXil.  X^ixtiguanmc-DNA  gtycmyhsc  1;  API:  Rcf-I. 
ap  un  u  xqi  y  r  tmuli  n  x.  cndunuckasc,  DNA  pity  ft.  DNA  polviocTjnc  p; 

base  excision  repair;  ROS,  reactive  oxygen  species;  HPLC".  high- 
pcrtumxxnce  liquid  cliromakigraphy;  X-Olt-dG  X-hydruvydesivyguantMine; 
dG  deoxyguxixisine 
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prevention,  the  flavanones  naringenin  (NR)  and  hesperidin 
are  found  in  grapefruit  and  oranges  [I],  Although  the 
antioxidant  effects  of  citrus  flavonoids  due  to  their  ca¬ 
pability  to  scavenge  free  radicals  [2-4]  have  attracted  a 
great  deal  of  attention,  there  are  effects  beyond  antioxidation 
that  may  be  important  in  determining  the  anticancer  activity 
of  phytochemicals  such  as  flavonoids.  including  effects  on 
cell  proliferation  [5],  inhibition  of  angiogenesis  [6], 
inhibition  of  subcellular  signaling  [7]  and  stimulation  of 
DNA  repair  enzymes  [8.9], 

Reactive  oxygen  species  (ROS)  formed  endogenously  or 
due  to  exogenous  factors  can  cause  uxidalive  damage  to 
biologic  mactumolcculcs  including  nucleic  acids  [10], 
Excessively  damaged  cells  either  undetgo  apoptosis  [II] 
or  survive.  In  the  surviving  cells,  checkpoint  pathways  ate 
activated  to  inhibit  progression  of  cells  through  the  G1  and 
G2  phases  to  permit  removal  of  damage  [12]  and  re-enter 
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into  the  cell  cycle.  If  the  DNA  damage  is  not  repaired,  then 
gene  mutations  occur  at  a  high  rate  and  can  lead  to 
malignant  transformation.  A  particularly  abundant  lesiun 
of  oxidative  DNA  damage  is  8-hydroxydeoxyguanosine 
(8-OII-dG),  which  is  highly  mutagenic  as  the  result  of  GC 
to  TA  transversions  [13],  The  hase  excision  repair  (BER) 
pathway  is  responsible  for  the  repair  of  oxidatively  dantaged 
DNA  bases.  Removal  of  the  damaged  base  is  a  result  of 
increased  8-oxoguanine-DNA  glycosylase  I  (hOGGI)  and 
apurinic.  apyrimidinic  endonuclease  (APE.  Ref- 1 )  activities 
[14],  DNA  polymerase  p  (DNA  poly  p)  then  fills  the  gap 
created  by  the  excision  of  8-OII-dG  f  1 5].  The  flavonoids 
myricetin  [16]  and  baicalin  [9]  have  been  shown  to 
stimulate  DNA  repair  at  a  physiologically  achievable 
concentration  of  100  gmoLL.  The  present  study  investigates 
whether  NR  at  a  physiologically  relevant  concentration  in 
prostate  cancer  cells  stimulates  repair  of  oxidative  DNA 
damage  through  the  BER  pathway. 

2.  Materials  and  methods 

2.1.  Materials 

NR  was  obtained  frum  LKT  Laboratories  (St.  PauL  MN, 
USA).  Tris-HCL.  sodium  acetate,  ferrous  sulfate.  diethyle- 
netri amine  penlaacetic  acid  (DTPA)  and  deoxyguanosine 
(dG)  were  purchased  from  Signer- A  Id  rich  (St.  Louis.  MO. 
USA).  DNase  I  from  bovine  pancreas,  nuclease  PI  (NPl) 
from  Penicillium  citrinum  and  alkaline  phosphatase  (AP) 
were  purchased  from  Roche  Diagnostics  (Indianapolis.  IN. 
USA);  phosphodiesterase  (PDE)  I  from  snake  venom 
(Cm talus  adamanteus)  and  PDE  II  from  calf  spleen  were 
purchased  from  Worthington  Biochemical  (Lakewood.  NJ. 
USA).  All  reagents  were  of  highest  commercial  quality 
(Fisher  Scientific.  Tustin.  CA.  USA).  Oligo(dT)l2  t!i  Primer 
and  Superscript  III  Reverse  Transcriptase  (RT)  wete  from 
Invitrogen  (Carlsbad.  CA.  USA);  dNTP  was  obtained  from 
Fisher  Scientific. 

2J.  Cell  line  ami  culture  condition 

A  hormone-responsive  human  prostate  cancer  cell  line 
(LNCaP)  was  obtained  from  America  Type  Culture  Collec¬ 
tion  (Bethcsda.  MD.  USA).  The  LNCaP  prostate  cancer 
cells  were  cultured  in  RPMI  1640  medium  from  VWR 
Scientific  (San  Francisco.  CA.  USA),  supplemented  with 
1 0*ii  FBS.  100  U/ml  of  penicillin  and  100  ngml  of 
streptomycin.  Cells  were  grown  al  37  C  in  a  humidified 
atmosphere  supplemented  with  5%  C02  in  air.  The  doubling 
time  for  LNCaP  was  36  h. 

For  the  8-OH-dG  determination,  cells  were  seeded  in 
100-mm  cell  culture  dishes  at  the  amount  of  5x10* 
cells, dish  and  then  cultured  at  37  C  for  at  least  24  h  before 
treatment.  After  being  treated  with  ferrous  sulfate  and  NR. 
cells  were  rinsed  with  5  ml  of  cold  phosphate-buffeied 
saline  (PBS),  dislodged  with  1  ml  of  trypsin-EDTA  at  37  C 
for  2  min.  then  suspended  with  9  ml  of  growth  medium  and 


centrifuged  at  2500  rpm  frrr  5  min.  washed  with  5  ml  of  PBS 
and  then  stored  at  -80  C  for  DNA  isolation.  To  test  cell 
viability,  cells  were  seeded  in  96-well  plates  at  a  concen¬ 
tration  of  50  cel  Is  u  I.  100  gl/well.  and  cultured  at  37  C  for 
24  h  before  treatment.  For  the  NR  uptake  experiment,  cells 
were  seeded  in  150-cnr  flasks,  cultured  at  37  C  to  reach 
80%  confluence,  then  cultured  with  NR  spiked  in  growth 
medium  frrr  different  times  and  then  collected  the  same  way 
as  that  for  8-OH-dG  determination. 

2.3.  DNA  ratio  of  8-OH-dG  to  Ilf  dG  ik termination  by 
high-performance  liquid  chromatography 

DNA  was  isolated  from  cells  using  the  DNA  isolation  kit 
from  Roche  Diagnostics.  The  DNA  was  dried  under  the 
flow  of  N2  and  redissolved  in  100  gl  of  AL  buffer  (Qiagen. 
Valencia,  CA,  USA),  supplemented  with  2  pi  of  2 -mmol/L 
iron  chelator  DTPA  to  prevent  artificial  oxidation.  The 
digestion  procedure  was  performed  as  previously  described 
[17].  Briefly,  the  following  incubation  steps  were  per¬ 
formed:  DNase  L  30  min  at  37  C;  NPl.  60  min  at  37  C; 
AP.  30  min  at  37  C;  and  PDE  I  and  PDE  II.  30  min  at  37  C. 
The  incubation  mixtuie  was  filtered  through  a  Millipore 
ullrafree  0.5  filter. 

The  high-performance  liquid  chromatography  (IIPLC) 
analysis  was  performed  using  an  Agilent  1100  IIPLC 
system  consisting  of  a  binaiy  pump,  thcrmoslattcd  auto¬ 
sampler.  variable  wavelength  detector,  controlled  by  Chem- 
station  Software  11.0  (Agilent  Technology.  San  Diego.  CA. 
USA),  and  ESA  Coukrchem  II  electrochemical  detector 
(ESA.  Bedford.  MA.  USA),  a  C|*  Alllima  guard  col¬ 
umn.  7.5  x  4.6  mm.  particle  size  of  5  pM  (Alltech.  Deerfield 
IL.  USA)  connected  to  a  YMC.  and  an  ODS-AQ  column. 
4.6x15  cm.  120  A,  S-5  (Waters.  Mil  lord.  MA.  USA).  The 
mobile  phase  consisted  of  100  mmoLL  of  sodium  acetate 
buffer  (pH  5.2)  supplemented  with  10%  aqueous  methanol. 
Elution  was  isocralic  at  a  flow  rate  of  0.8  mLmin.  The  dG 
concentration  was  monitored  based  on  absorbance  (245  nm) 
and  8-OH-dG  based  on  the  electrochemical  reading 
(400  mV).  Levels  were  quantified  using  the  slandanl  curves 
of  each  compound.  The  degree  of  DNA  damage  was 
expressed  as  8-OII-dG  per  10*  dG. 

2.4  Cell  uptake  of  NR  evaluation 

Cells  were  mixed  with  12  pi  of  10%  ascorbic  acid -40 
mmoLL  NalI,PO4-0.1%  EDTA.  20  pi  of  PBS  (pH  7.4). 
20  pi  of  12.952-gtnol/L  3,3'  ,4'  -Trihydroxy flavonc  as 
internal  slandanl.  500  U  of  (V-D -glucuroni dasc  type  X-A 
from  Escherichia  eoli  (Sigma.  St.  Louis.  MO.  USA)  and  4U 
of  sulfatasc  type  VIII  from  ahalone  entrails  (Sigma).  The 
mixture  was  incubated  at  37  C  for  45  min  (olio wed  by  two 
extractions  using  4  ml  of  ethyl  acetate.  The  supernatant  was 
vacuum  concentrated  for  2  h  at  low  temperature  with  a 
Savant  SC-100  Speed-Vac  system  (Savant  Instruments. 
Farmingdale,  NY.  USA).  The  samples  were  reconstituted 
in  a  200-pl  mixture  of  mobile  phase  A  and  methanol 
(3:2,  voLVol).  and  20  pi  was  injected  into  the  IIPLC  column. 


ARTICLE  IN  PRESS 


A  (lao  el  al  /  Journal  of  Nutritional  Hiochemixiry  xx  (2005)  xxx-xxx 


0  200  300  400  eoo 

FeS04  concentration  (pmol.'L) 


Fig.  1  8-OH-dG/lO®  dO  ratio  m  cell*  treated  with  200  000  pmul  1.  of 
lerruifct  *ullatc  for  60  min.  «-Z  experiment  repeated  three  lime*  with 
* nm Ur  re*uh*.  Value*  are  mcan±S.D. 

The  1  IPLC-UV  system  consisted  of  an  Agilent  1050 
quaternary  pump,  autosampler  controlled  by  Chemstatkm 
Software  7.01  (Agilent Technology.  Wilmingtoa  DC.  USA), 
and  Agilent  1050  multiple  wavelength  detector,  a  Cl( 
Alllima  guard  column.  7.5X4.6  mm.  particle  size  of  5  pm 
(Alllech),  and  an  Aqua  column.  250x46  mmolL.  125  A, 
particle  size  of  5  pm  (Phenumenex.  Torrance,  CA  USA). 
The  column  was  eluted  al  room  temperature  with  a  linear 
gradient  fiurn  95%  mobile  phase  A  (75  mmol/L  citric  acid- 
25  mmolL  ammonium  acetate]  and  5%  mobile  phase  ft 
(75  mmolL  citric  acid-25  mmol/L  ammonium  acetate 
acetonitrile  (50:50)]  at  a  flow  rate  of0.8  mlinm.  The  gradient 
was  I  (nearly  changed  to  90%  A / 1 0%  B  in  4  min.  70%  A30% 
B  in 4- 12  nria  66%  A  34%  B  in  12-17  min, 63%  A/37%  B 
in  17-20  mi  a  57%  A43%  B  in  20  -29  min.  42%  A/58%  B 
in  29-35  min.  40*4  A60%  B  in  35-40  min.  38%  A'62% 
B  in  40-68  min.  20%  A’80%  B  in  68-72  min  and  95% 
A' 5%  B  in  72-80  min.  The  eluent  was  monitored  at  a 
detector  setting  of  260  nm. 

2.5.  Cell  viability  assay 

The  cells  in  96-well  plates  were  treated  with  ferrous 
sulfate  for  60  min;  after  removal  of  ferrous  sulfite,  the 
viability  was  determined  immediately  or  24  h  after  cells 
were  cultured  at  37  C.  Viability  assay  was  performed  with  a 
CellTiter-Glo*  Luminescent  Cell  Viability  Assay  (Promega. 
Madison.  WI.  USA).  A  100-pl  assay  mix  was  added  into 
each  well  afler  being  equilibrated  to  room  temperature. 
Plates  were  mixed  on  an  orbital  shaker  for  2  min  and  further 
incubated  at  mom  temperature  for  10  min.  The  content  of 
each  well  was  transferred  into  a  new  clean  opaque  96-well 
plate,  and  the  luminescence  was  detemrined  for  each  sample 
using  an  Orion  microplalc  luminometer  from  Berthold 
Detection  Systems  (Oak  Ridge,  TN.  USA). 

2.6 .  Real-time  quantitative  RT-polymemse  chain  reaction 

The  RNA  was  isolated  using  a  Mini-Rneasy  kit  (Qiagen). 
The  cDNA  was  synthesized  from  5  pg  of  total  RNA 
mixed  with  1  pi  of0.5-jrgpl  Oligo(dT)i2  m  primer  and  1  pi 
of  lOa-mmol'L  dNTP.  The  relative  nrRNA  quantity  of 
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APE.  Ref-1,  DNA  poly  (3  and  hOGG  I  was  determined  using 
Assay-on-Demand  gene  expression  products  (assay  IDs: 
Hs00205565_ml,  (Ls00160263_ml  and  (Ls002l3454_ml, 
respectively)  from  Applied  Biusystcms  (Foster  City,  CA, 
USA),  GAPD1I  gene  (assay  ID:  Ils99999905_ml )  as 
internal  control  and  Taqman  Universal  PCR  Master  Mix. 
The  real-time  polymerase  chain  reaction  (PCR)  was 
performed  on  a  PRISM  7700  Sequence  Detection  System 
(Applied  Biosystems).  The  PCR  was  performed  with  the 
following  conditions:  2  min.  50  C;  10  min.  95  C:  40  cycles 
of  15  s,  95  C;  I  min.  60  C. 

2.7.  Statistical  analysis 

PRISM  statistical  analysis  software  (GraphPad  Soflware, 
San  Diego.  CA  USA)  was  used  for  statistical  analysis.  Data 
are  expressed  as  mean±S.D.  Means  of  outcome  variables 
from  cells  undergoing  treatment  were  compared  with 
medium  controls  using  Student’s  t  test. 

3.  Results 

3.1.  Response  of  LNCaP  cells  to  ferrous  sulfate-induced 
oxidative  stress 

The  optimum  ferrous  sulfate  concentration  that  would 
induce  enough  oxidative  damage  to  be  detectable  by  IIPLC 


A 


FeS04  concentration  (pmol’L) 
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Fig.  2  Cell  viability  (A)  alter  or  (B)  24  h  alter  celb  were  treated  w  ith 
200  6(KI  ; nrx.il  L  otlemnls  sultate  tor  6U  min.  n-3.  experiment  repeated 
three  time*  with  similar  results  Value*  arc  mean  I  SI) 
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F)g.  1  K-OIKKi  10a  <10  ratio  m  cells  34.  4X  and  72  h  alter  2aU-funol'L 
ferrous  sullatc  treatment  tor  60  min.  n-  2.  Values  are  mean±S  -D. 

in  a  reproducible  manner  but  not  so  high  as  to  induce  cell 
death  in  LNCaP  cells  was  determined.  Our  results  demon¬ 
strated  that  the  oxidative  DNA  damage  expressed  as  the 
8-OlI-dG/lO6  dG  ratio  occurred  in  a  ferrous  sulfate 
concentration-dependent  manner.  The  200-600-pmoLL 
fenous  sulfate  treatment  of  LNCaP  cells  caused  a  15-  to 
30 -fold  increase  of  the  8-OlI-dG  10ft  dG  ratio  compared 
with  media  control  (Fig,  I).  The  cell  viability  afler  treatment 
with  200-600  pmoLL  of  ferrous  sulfate  was  measured 
immediately  or  24  h  afler  fenous  sulfate  removal.  The 
results  indicated  that  treatment  with  up  to  600  pmoLL  of 
fenous  sulfate  did  not  affect  cell  viability  (Fig.  2). 

In  addition,  we  tested  the  DNA  repair  capacity  of  LNCaP 
cells  up  to  72  h  after  treatment  with  200  pmoLL  of  fenous 
sulfate.  As  shown  in  Fig.  3.  DNA  repair  progressed  slowly. 
Approximately  24%  of  DNA  damage  was  repaired  afler 
24  h.  and  approximately  40%  of  DNA  damage  was  left 
unrepaired  72  h  afler  treatment.  Based  on  these  facts,  we 
decided  that  200-gmoLL  ferrous  sulfate  treatment  of  LNCaP 
cells  was  an  appropriate  cell  culture  model  to  investigate  the 
DNA  repair  stimulatory  effect  of  NR. 

32.  The  effect  of  NR  on  the  repair  of  oxidative  DNA  damage 

Because  the  intention  of  this  investigation  was  to 
determine  the  effect  of  NR  on  DNA  repair  and  not  its  ability 
to  scavenge  free  radicals,  the  ferrous  sulfate  generator  of 
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□  Control 
I - 1  No  NR 
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Fb?  5.  The  NR  ellixl  on  inRNA  expression  ofthree  IIURI  en/ymes  m  the 
BI.R  pathway  — (A)  APE/Ret’-l.  (B)  DNA  poly  p  and  (O  hOGGl  —  wai 
determined  using  real-time  FCR  rebtive  to  GAPDH,  a  reference 
housekeeping  gene  a  and  h  indicate  significant  dittercncc  Irani  control 
cells  not  treated  with  NR.  P'  05  (Student's  r  testy 
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Fig  4  Decreased!' ti-OH-dti.1 10® dti ratio  m  cells  exposed  to  10  SO  gmolL 
al  NR  alter  2(KI-pmul  L  lemur*  sullale  treatment  n -2.  experiment 
repeated  three  times  with  similar  results  a  indicates  signilxant  diltbcnce 
Iron)  control  cells  treated  with  the  same  concenhation  o I  lemur*  sulfate, 
/’■c.05  (Students  I  test). 


ROS  was  removed  prior  to  the  exposure  of  LNCaP  cells  to 
different  concentrations  of  NR  (10-80  pmoLL)  over  a 
subsequent  24-h  period  of  study.  DNA  repair  during  the 
latter  24-h  period  was  assessed  by  measured  reductions  in 
the  8-OI1 -dG1'  10*  dG  ratio.  The  8-OII-dG.  10*  dG  ratio  was 
decreased  in  a  concentration-dependent  manner  up  to  24% 
compared  with  control  cells  afler  NR  treatment  (Fig.  4). 

3  3.  The  effect  of  NR  on  gene  expression  of  BER  enzymes 

The  three  main  enzymes  in  the  BER  pathway — hOGGl, 
APE'Ref-l  and  DNA  poly  (J — were  investigated.  The 
mRNA  levels  for  each  enzyme  were  compared  with  the 
control  cells  not  exposed  to  ferrous  sulfate.  The  APE  Ref-1 
mRNA  expression  increased  slightly  by  13%  and  17%  afler 

4  h  and  21%  and  22%  after  8  h  with  or  without  NR 
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Fig.  6.  NR  uptake  by  cclk.(A>NR  uptake  witha  cxmccntratkin  ot  5  [iinolL 
at  1,  2,  4,  6,  and  24  h.  <!J)  NR  ujilakcvvifh  diNcrcxit  cuxkvxi (ratio m  at  4  h 

treatment  and  returned  to  baseline  levels  after  24  h.  The 
hOGGl  mRNA  expression  was  increased  by  23%  and  13% 
after  4  h  and  114%  and  135%  after  8  h  with  or  without  NR 
treatment  compared  with  the  control  only  treated  with 
ferrnus  sulfate  for  60  min.  At  24  h.  the  gene  expression  of 
cells  not  treated  with  NR  returned  to  baseline  levels, 
whereas  hOGGl  expression  in  cells  treated  with  NR  was 
significantly  increased  by  140%  over  baseline  levels  in  cells 
not  treated  with  NR  (Fig  5C).  The  relative  quantity  ofDNA 
poly  p  was  not  increased  significantly  compared  with 
controls  not  treated  with  ferrous  sulfate  for  up  to  8  h. 
However,  at  24  h.  the  DNA  poly  p  mRNA  expression  was 
increased  significantly  by  85%  when  comparing  cells 
treated  with  NR  with  media  controls  (Fig.  5B). 

3.4.  Cell  uptake  afNR 

As  shown  in  Fig.  6,  the  intracellular  NR  concentration 
reached  the  highest  concentration  after  4  h.  with  a 
concentration  of  40  pmoLiO6  cells.  After  24  h,  10%  of 
NR  remained  inside  the  cells  compared  with  the  peak 
concentration.  Cell  uptake  of  NR  frnni  25  to  200  gmol/L  at 
4  h  was  also  determined  by  the  same  method.  The  results 
indicated  that  the  uptake  reached  a  plateau  at  approximately 
7.0  pmolmg  prntein. 

4.  Discussion 

Prostate  cancer  is  the  most  commonly  diagnosed  male 
malignancy  in  the  United  States  and  the  second  leading 
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cause  of  male  cancer  death  after  lung  cancer,  with  an 
estimate  of  220.900  new  cases  for  2003  [IS],  Unlike  many 
other  neoplasms,  prostate  carcinoma  is  slow  growing 
initially  and  often  remains  subclinical  for  an  extended 
period.  The  incidence  of  p instate  cancer  increases  rapidly 
with  age.  and  multiple  facto  is  such  as  ethnicity,  genetics, 
environment,  hormones  and  diet  have  been  implicated  in  its 
oncogenesis  |19],  Loss  of  glutathione  S-transferase  PI  is  an 
early  change  in  prostate  cancer  cells  leading  to  the 
production  of  ROS,  which  in  turn  can  stimulate  prostate 
cancer  cell  growth  in  the  LNCaP  cell  line,  one  of  the  most 
widely  studied  models  of  prostate  carcinogenesis  [20]. 

In  the  present  study,  we  clearly  demonstrated  that  LNCaP 
cells  are  highly  resistant  to  oxidative  stress.  Cell  s  tability 
was  not  compromised  by  ferrnus  sulfate  treatment  at 
concentrations  as  high  as  600  gmol/L.  The  present  results 
also  demonstrated  that  the  capacity  to  repair  oxidative  DNA 
damage  was  limited  in  LNCaP  cells  (Fig.  3).  Our  results  in 
this  regard  confirmed  those  of  Fan  et  al.  [21]  in  demon¬ 
strating  that  LNCaP  cells  have  reduced  DNA  repair  enzyme 
activity  compared  with  normal  prostate  cells.  Therefore, 
LNCaP  cells  provided  a  relevant  model  for  studying  the 
effects  of  NR  on  DNA  repair.  In  the  present  study,  the 
baseline  level  of  8-OI I -dG/ 10*  dG  in  the  intact  LNCaP  cells 
was  <1.0.  These  results  matched  well  with  a  recently 
published  validation  of  backgmund  levels  of  DNA  oxida¬ 
tion  by  the  European  Standards  Committee  on  Oxidative 
DNA  Damage  or  ESCODD.  which  demonstrated  a  median 
value  of  2.78  8-OlI-dG/IO6  dG  in  HeLa  cells  |22|. 

In  previous  studies.  NR  has  been  reported  to  inhibit  cell 
proliferation  in  IIMEC  and  MCF-7  cells  with  ICMls  of 
17  gg/ml  (63  gmol/L)  and  51  gg/ml  (187  gmol/L), 
respectively  [23],  In  comparison  with  other  flav onoids  such 
as  rhamnetin  and  apigenin.  NR  exhibited  a  lower  anti¬ 
proliferative  effect  on  human  cancer  cell  lines  [24—26 ].  In 
the  present  study,  the  IC^  of  NR  on  LNCaP  proliferation  at 
24  h  was  >300  gmol/L  (data  not  shown)  and  NR  did  not 
exhibit  any  antipmliferative  or  cytotoxic  effect  on  LNCaP 
cells  at  the  80-gmoL  L  concentration  used.  Ferrous  sulfate 
was  used  to  induce  oxidative  stress  in  LNCaP  cells  via  the 
Fenton  reaction  which  in  turn  led  to  increased  oxidized 
DNA  base  lesions  [27],  To  separate  the  antioxidant  and 
DNA  repair  effects  of  NR.  ROS  generation  via  ferrous 
sulfate  exposure  of  the  cells  was  terminated  prior  to 
exposure  to  NR  for  the  subsequent  24  h.  Using  this  study 
design,  we  clearly  demonstrated  that  NR  stimulated 
induction  of  DNA  repair  enzymes.  In  addition,  gene 
expression  of  the  three  major  enzymes  of  the  BER  pathway 
was  determined  and  showed  differential  responses  to  the  NR 
stimulatory  effect,  hr  the  present  study.  hOGGl  and  DNA 
poly  (1  were  increased  significantly  after  NR  treatment  for 
24  h.  The  mRNA  level  of  hOGGl  and  DNA  poly  p 
remained  high  in  cells  exposed  to  NR.  A  similar  stimulatory 
effect  on  DNA  poly  p  mRNA  was  previously  demonstrated 
by  myricetin  exposure  at  a  concentration  of  100  gmol/L  [8], 
Because  LNCaP  cells  are  known  to  have  reduced  ability  of 
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DNA  nrpair  |2I],  the  sustained  increased  levels  of  hOCKil 
and  DNA  poly  p  mRNA  in  response  to  NR  exposure  may 
be  important  in  mediating  the  potential  cancer-pieventive 
effects  of  this  flavonoid  in  prostate  cancer. 

On  the  other  hand,  there  wen:  no  significant  changes  in 
APE.  Ref-1  mRNA  after  N  R  exposure.  The  stability  of  APE1 
Ref  1  mRNA  expression  may  be  due  to  the  central  role  of 
this  enzyme  in  signal  transduction  as  it  mediates  the  DNA 
binding  of  a  number  of  transcription  factors  [2X],  This  may 
explain  why  NR  had  no  effect  on  APE'Ref-l  mRNA. 

An  additional  consideration  in  the  interpretation  of  these 
data  is  whether  GAPDII  is  suitable  as  a  reference  gene 
[29.30],  It  has  been  reported  that  GAPDII  can  be  affected  by 
many  factors  such  as  different  stages  of  pathology  [31], 
oxidative  stress  [32]  or  food  deprivation  [33],  However, 
under  the  conditions  of  our  study,  the  control  samples  were 
also  treated  with  fertuus  sulfate:  therefore,  a  possible 
stimulation  of  GAPDII  gene  expression  by  oxidative  slTess 
would  have  occurred  in  the  control  samples  as  well. 

An  important  characteristic  of  flavunoids  is  their  limited 
bioavailability  [34],  Only  2-15%  of  flavonoids  are  absoibed 
fium  the  gastrointestinal  tract.  Plasma  concentrations  of 
flavonoids  after  consumption  of  a  flavonoid-rich  food  are  in 
the  range  of  0.5-1  gmoLL  [35],  Although  exposing  the 
cultured  cells  with  SO  pmoL  L  might  appear  unphysiological. 
we  demonstrated  that  the  intracellular  concentration  is  0.5% 
of  the  NR  concentration  in  the  medium.  Therefore,  the 
intracellular  concentration  at  which  these  changes  occur  is 
in  an  achievable  physiological  range. 

In  summary,  we  demonstrated  the  effects  of  NR  beyond 
antioxidation  by  showing  that  it  can  stimulate  the  induction 
of  BER  enzyme  gene  expression  in  LNCaP  prostate  cancer 
cells  following  an  oxidative  stress.  Moreover,  this  stimula¬ 
tion  in  turn  led  to  enhanced  DNA  repair  as  determined  by 
quantitation  of  S-OII-dG'TO*  dG  levels.  We  conclude  that 
induction  of  DNA  repair  enzyme  expression  by  NR  may 
contribute  to  the  cancer-preventive  effects  associated  with 
an  increased  dietary  intake  of  fruits  containing  flavonoids. 
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